remains ill-defined. To elucidate the effects of tumor-host interactions in vivo, we purified tumor cells from 24 treatmentnaive patients. Samples were obtained concurrently from blood, bone marrow, and/or LN and analyzed by gene expression profiling. We identified the LN as a key site in CLL pathogenesis. CLL cells in the LN showed up-regulation of gene signatures, indicating B-cell receptor (BCR) and nuclear factor-B activation. Consistent with antigen-dependent BCR signaling and canonical nuclear factor-B activation, we detected phosphorylation of SYK and IB␣, respectively. Expression of BCR target genes was stronger in clinically more aggressive CLL, indicating more effective BCR signaling in this subtype in vivo. Tumor proliferation, quantified by the expression of the E2F and c-MYC target genes and verified with Ki67 staining by flow cytometry, was highest in the LN and was correlated with clinical disease progression. These data identify the disruption of tumor microenvironment interactions and the inhibition of BCR signaling as promising therapeutic strategies in CLL. This study is registered at http://clinicaltrials.gov as NCT00019370. (Blood. 2011;117(2): 563-574)
Introduction
Chronic lymphocytic leukemia (CLL) is characterized by the progressive accumulation of mature, monoclonal B lymphocytes in the peripheral blood (PB), bone marrow (BM), and secondary lymphoid organs such as the lymph nodes (LN). 1 CLL is divided into 2 main subgroups based on the presence or absence of acquired somatic mutations in the immunoglobulin heavy chain gene (IGHV) expressed by leukemic B cells. Patients whose tumor cells express an IGHV gene carrying somatic mutations (M-CLL) have a more indolent disease and longer overall survival than do patients whose tumors express an IGHV gene in the germline or "unmutated" configuration (UM-CLL). Despite important biological and clinical differences, gene expression profiling identified these 2 subtypes as part of a shared disease process with a common characteristic gene expression signature. 2, 3 Nevertheless, a distinct set of genes is differentially expressed between the 2 subtypes. Surprisingly, ZAP-70, a tyrosine kinase essential for T-cell receptor signaling, was the most discriminating feature between UM-CLL and M-CLL. 3, 4 ZAP-70 is typically expressed at higher levels in UM-CLL than in M-CLL and has become an important prognostic marker. [4] [5] [6] [7] In addition, the expression of ZAP-70 affects intracellular signaling pathways and may contribute to differences in tumor biology between the 2 CLL subtypes. [8] [9] [10] [11] Historically, CLL has been viewed as an accumulative disease of cells with a defect in apoptosis. Consistent with this view, the majority of peripheral blood CLL cells are arrested in G0/G1 and show a gene expression profile of resting cells. 3 However, recent studies using deuterated water labeling indicate a more important role of tumor proliferation in the progression of CLL than was previously appreciated. 12 Immunohistochemistry for the cell-cycle marker Ki67 suggests that CLL proliferation occurs in the BM and secondary lymphoid organs. The signals that govern tumor proliferation remain elusive because most in vitro systems are not able to support CLL cell proliferation.
When cultured in vitro, CLL cells rapidly undergo apoptosis, from which they can be rescued by contact with stroma cells or by the addition of soluble factors. 13, 14 In vitro, a wide range of different molecules can extend CLL survival, raising the specter of an opportunistic tumor that benefits from all kinds of host factors and therefore might be able to evade targeted interventions. However, in vitro systems can only extend CLL cell survival for a limited time, indicating that essential factors present in vivo are Submitted May 13, 2010; accepted September 17, 2010. Prepublished online as Blood First Edition paper, October 12, 2010; DOI 10.1182/blood-2010-05-284984.
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missing. Another limitation is that in vitro studies typically analyze PB-derived tumor cells because BM and LN biopsies are often not available. Thus, the contribution of the host microenvironment to the proliferation and survival of CLL cells in vivo remains ill-defined.
Chronic active BCR signaling due to point mutations in CD79b has recently been identified as a key pathogenic mechanism in aggressive B-cell lymphoma, and results in constitutive nuclear factor-B (NF-B) activation. 15 In contrast, CLL cells have the gene expression characteristics of resting B cells, and cells from the M-CLL subtype have been described as anergic and unresponsive to BCR activation. 16 While UM-CLL cells have been shown to react to immunoglobulin M (IgM) activation in vitro, evidence for BCR signaling in vivo is lacking. The BCR of many CLL cells shares characteristics with natural antibody-producing B cells that recognize microbial antigens and self-antigens, leading to the hypothesis that antigen selection plays a role in the ontogeny of CLL. 17 However, where and when CLL cells respond to antigen and whether BCR activation plays a role in CLL progression have not been determined.
Gene expression profiling has made major contributions to the classification of lymphoid malignancies by dissecting biological entities based on common pathogenic pathways. In the present study, we applied gene expression profiling to investigate the effect of the microenvironment on CLL cells in vivo. To obtain a direct measure of tumor biology, we purified CLL cells simultaneously from PB, BM, and LN for gene expression profiling, which can simultaneously detect the activation of many different signaling pathways and the resulting cellular response. 18 Our analysis identified signaling pathways engaged in CLL cells in the tissue microenvironment that are able to sustain CLL proliferation and survival in vivo. These data provide the framework for the development and testing of therapies that target essential pathogenic pathways in CLL.
Methods

Patients and samples
With informed consent in accordance with the Declaration of Helsinki and approval from the NIH institutional review board, PB, BM, and LN biopsies were collected from treatment-naive CLL patients (Table 1 ) enrolled in this National Cancer Institute Study no. 97-C-0178 (http://clinicaltrials.gov identifier: NCT00019370). Matched samples from different anatomic compartments were obtained on the same day, processed, and analyzed in parallel. Mononuclear cells were isolated by centrifugation over lymphocyte separation medium (ICN Biomedicals), followed by CD19 ϩ selection (Miltenyi Biotec). CD19 ϩ cells with purity Ͼ 96% were aliquoted and stored as pellets at Ϫ80°C. RNA was extracted using RNeasy kits (QIAGEN).
IGHV gene and ZAP-70 analysis
Analysis of IGHV gene status and ZAP-70 was performed as described in Wiestner et al 4 ZAP-70 expression was scored on BM biopsies read by 2 independent pathologists.
Reagents and flow cytometry
Fluorescein isothiocyanate (FITC)-conjugated anti-murine IgG1 and FITCconjugated anti-CD19 antibodies; anti-SYK antibodies; phycoerythrin (PE)-conjugated anti-murine IgG1 antibodies; PE-conjugated anti-CD69, anti-CXCR4, and p-SYK (pY348) antibodies; and PE-Cy 5 -conjugated CD3 antibodies were from Becton Dickinson. Anti-IB, anti-pIB (ser 32-36), and JunB antibodies were from Cell Signaling Technology. Anti-␥-tubulin IHC indicates immunohistochemistry; TTT, time to treatment (months from diagnosis to initiation of treatment); ϩ, patients treated (treatment consisted of rituximab 375 mg/m 2 on day 1 and fludarabine 25 mg/m 2 on days 1-5 cycled every 4 weeks for 6 cycles; all others remained under continued observation without treatment); FISH, fluorescence in situ hybridization (only abnormalities detected in at least 10% of cells are shown); BM, bone marrow (% cellularity is given and the infiltration pattern is classified as N, nodular, or D, diffuse); LN-pc, pattern of proliferation centers in lymph node; and na, no sample available.
antibodies were from Sigma-Aldrich. Anti-TATA binding protein (anti-TBP) antibodies were from Abcam. Anti-E2F1 and c-MYC antibodies were from Santa Cruz Biotechnology. For flow cytometry, 5 L of the antibodies was added to 5 ϫ 10 5 cells and incubated for 30 minutes on ice. Samples were washed with phosphate-buffered saline/1% fetal calf serum and assayed on an FC500 flow cytometer (Coulter).
Microarray hybridization, data processing, and analysis
Total RNA (1 g) was amplified as described by the manufacturer (Affymetrix). Biotin-labeled RNA (20 g) was fragmented to ϳ 200 bp and hybridized to U133 plus 2.0 chips for 16 hours, washed, and stained on a fluidics station. GeneChip operating software Version 1.4 was used to calculate signal intensity and present calls on the hybridized chip. The signal-intensity values obtained for probe sets in the microarrays were transformed with an adaptive variance-stabilizing, quantile-normalizing transformation (P. J. Munson, GeneLogic Workshop of Low Level Analysis of Affymetrix GeneChip Data, 2001. Software available at http:// abs.cit.nih.gov/geneexpression.html). Probe sets (10 219) that had no signal in any of the 62 samples were excluded. One-way analysis of variance with blocks by patients was performed to evaluate different tissues. In the 12 patients in whom all 3 compartments had been arrayed, the patient effect on gene expression was subtracted by mean centering the expression value of each gene across the 3 compartments for each patient separately. The JMP statistical software package 7.0 (www.jmp.com, SAS Institute) and the Cluster and Tree View programs (Eisen Laboratory, Stanford University) were used. Gene Set Enrichment Analysis (GSEA, Version 2.04) 19 was used to identify overrepresentation of gene sets from the online database available at the GSEA Web site (http://www.broadinstitute.org/gsea/). In addition, select gene sets from the gene expression database of the Staudt laboratory (http://lymphochip.nih.gov/signaturedb/index.html) were uploaded to GSEA for inclusion in the analysis. Enriched or overrepresented gene sets between LN and PB were identified using 1000 permutations of the phenotype labels. Primary gene expression data are deposited in Gene Expression Omnibus (GEO) under accession number GSE21029.
Western blotting
Purified CLL cells were lysed in 1% Triton buffer containing PhosSTOP and the protease inhibitor Complete, EDTA-free (Roche). Nuclear and cytosol fractions were obtained using a commercial kit (BioVision). Proteins were separated on a sodium dodecyl sulfate-acrylamide gel, transferred to polyvinylidene fluoride membranes and subjected to immunoblotting using the indicated antibodies and horseradish peroxidase-labeled secondary antibodies (Amersham). Blots were developed by chemiluminescence (Thermo Scientific), recorded on an LAS-4000 imaging system (Fujifilm), and quantified using Multi Gauge software (Version 3.1; Fujifilm).
In vitro stimulation and target gene analysis by lymphochip microarray
To identify target genes of BCR signaling, CLL cells were stimulated with goat F(abЈ)2 anti-human IgM (50 g/mL; Jackson ImmunoResearch Laboratories) at 37°C for 6 hours. Lymphochip analysis of IgM-stimulated CLL cells was conducted as described in Alizadeh et al. 20 
BCR activation and phosphospecific flow cytometry
CLL cells (1 ϫ 10 6 ) were incubated with biotinylated IgM at 25 g/mL for 30 minutes at 4°C, washed in phosphate-buffered saline, 1% fetal calf serum, 1% NMS, 0.02% NaN 3 (FACS buffer), and incubated with streptavidin-APC-Cy7 (Becton Dickinson) for 10 minutes at 4°C, and then warmed to 37°C. Basal levels of phosphorylation were determined in unstimulated cells fixed at time zero. Cells were fixed for 15 minutes at room temperature in 1.4% final paraformaldehyde (Polysciences), pelleted, washed, permeabilized in 2 mL of phosphobuffer II (Becton Dickinson) for 10 minutes, and stored at 4°C. The cells were washed twice, resuspended in 100 L of FACS buffer, and stained with PE-conjugated p-SYK (pY348), FITC-conjugated SYK, and PE-Cy 5 -conjugated CD3 (Becton Dickinson) for 20 minutes at room temperature. Cells were then washed twice, resuspended in 200 L of flow buffer with 2% paraformadehyde, and analyzed on an LSRII flow cytometer (Becton Dickinson) using FACS-DIVA 6.1.1 and FlowJo software (Version 8.8.6; TreeStar). A minimum of 50 000 B cells (CD3 Ϫ , SYK ϩ ) were collected; BCR-activated cells were gated using APC-CY 7 . pSYK expression was measured as a percentage of CD3 Ϫ SYK ϩ IgM ϩ cells. Cutoffs for positivity were set using the fluorescence minus 1 control. To measure the expression of pSYK in cells ex vivo, H 2 O 2 was added to a 3.3mM final concentration for 3 minutes at 37°C before fixation. Permeabilization, staining, and analysis were performed as described for BCR-stimulated cells.
Interphase fluorescence in situ hybridization
Fluorescence in situ hybridization was performed on cells cultured in duplicate overnight without mitogens and for 96 hours with B-cell mitogens, fixed in 3:1 methanol:glacial acetic acid, and hybridized with commercially available probes (Abbott Molecular, formerly Vysis) to detect deletions in 13q14.3 (D13S319, D13S25), 11q23 (MLL), 11q22.3 (ATM), and 17p13.1 (p53) and to detect trisomy 12 (CEP 12 DNA). A minimum of 200 interphase nuclei were scored for hybridization signals for each probe.
Results
The tumor biology of CLL cells in vivo is affected by the tissue microenvironment
To what degree in vitro systems mirror the effect of the microenvironment on CLL cells in vivo remains unknown. To determine the influence of the physiologic tissue microenvironment on the tumor biology of CLL cells in vivo, we analyzed matched blood and tissue samples that were simultaneously obtained and immediately processed. All patients were untreated at the time of sample acquisition and represent the clinical spectrum of CLL (Table 1 , supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). PB and BM were aspirated into heparinized syringes, and LN samples were obtained by surgical biopsy followed by mechanical disruption to yield single-cell suspensions. To remove variations in cellular composition of samples from different anatomic sites, we purified the tumor cells to Ͼ 96% purity using positive selection. Purified tumor cells were then analyzed on Affymetrix whole genome microarrays. Unsupervised hierarchical clustering revealed an overriding effect of sample derivation from individual patients, so that different samples aligned by patient origin (supplemental Figure 2 ). In 12 patients in whom cells from all 3 anatomic sites were available, gene expression was normalized to adjust for the patient effect. After normalization, unsupervised clustering of all 44 456 probe sets clearly separated the tumor cells according to the compartment of origin ( Figure 1A) . Thus, the gene expression complement of CLL cells is shaped by an intrinsic effect of the individual patient and an extrinsic effect determined by the tumor microenvironment.
Next we compared PB-derived CLL cells against LN-and BM-derived cells using 1-way analysis of variance. CLL cells in the LN differentially expressed 151 genes, with expression levels that were at least 2-fold different between LN-and PB-derived cells (false discovery rate, FDR Ͻ 0.2, Figure 1B ). Of these, 133 genes were up-regulated in LN and 18 were down-regulated compared with the PB. Using the same criteria, only 26 genes were differentially expressed between BM-and PB-derived cells, 24 being more highly expressed in BM and 2 showing reduced expression ( Figure 1C ). Almost all of the genes up-regulated in BM-resident cells were also up-regulated in LN-resident cells, while over 100 genes were up-regulated in the LN but not in the BM. To rule out dilution of BM aspirates with PB cells, we quantified expression of CXCR4 on CLL cells by flow cytometry. CXCR4 is internalized and down-modulated in response to binding of its cognate ligand CXCL12 (SDF-1) in the stroma environment. 21 As expected, we found lower CXCR4 expression by flow cytometry on CLL cells obtained from the tissue compartments than on PB-derived cells (Figure 2A ). In addition, CXCR4 cell surface expression on CLL cells in BM aspirates matched expression on cells eluted in vitro from BM core biopsies (supplemental Figure 3 ). These findings exclude a significant dilution of BM aspirates with PB cells. We next analyzed the expression of the activation marker CD69 on CLL cells by flow cytometry. CD69 was up-regulated on cells in the tissue microenvironment, both in BM and LN. However, consistent with the gene expression data, we also found stronger up-regulation of CD69 in LN-resident compared with BM-resident CLL cells ( Figure 2B ). Thus, the LN microenvironment appears to have a stronger effect on CLL cell activation than the BM microenvironment.
We used GSEA to investigate the biological basis of the gene expression differences in LN-resident cells. This observerindependent statistical method can dissect gene expression data into functional motifs. Because of the more pronounced difference in gene expression in LN-derived cells, we focused our analysis on this compartment. Among the genes differentially expressed in LN-resident cells, GSEA identified several significantly enriched gene sets (FDR Ͻ 0.05), indicating activation of distinct signaling pathways and tumor proliferation in the LN ( Table 2 ).
B-cell receptor activation in LN-resident CLL cells
Many of the genes overexpressed in LN-resident cells are well recognized BCR target genes. 22 This impression was confirmed by GSEA, which identified a set of BCR-related genes as the most overrepresented gene set in LN-resident CLL cells. In addition, gene sets of the NF-B and NFAT pathways, both of which are activated by BCR signaling, were also among the top-ranked gene sets. The gene expression data thus provided a first indication for BCR activation in CLL cells in vivo.
Expression of the BCR gene set did not appear to be significantly different between the 2 CLL subtypes. This was surprising, given the concept that M-CLL cells are anergized and reportedly do not respond to BCR stimulation in vitro. 16 In contrast, our data suggested that in vivo, at least in the LN microenvironment, M-CLL cells do react to BCR engagement. To investigate this discrepancy, we stimulated PB CLL cells from 8 representative patients (4 UM-CLL, 4 M-CLL) using anti-IgM monoclonal antibody in vitro, and analyzed stimulation-induced gene expression changes. Across both CLL subtypes, 60 genes were upregulated at least 2-fold (P Ͻ .01) within 6 hours of activation, and we summarized these into a "CLL-BCR signature" ( Figure 3A) . Almost all of the BCR target genes were more strongly upregulated in UM-CLL than in M-CLL patients. Next we used flow cytometry to measure SYK activation in PB-derived CLL cells in response to BCR activation in vitro ( Figure 3B-C) . CLL cells of both subtypes and normal naive B cells showed rapid phosphorylation of SYK in response to IgM cross-linking, and at 8 and 15 minutes there was no difference between CLL cells of either subtype and normal B cells. However, at 45 minutes from BCR engagement, UM-CLL cells showed significantly higher p-SYK levels than M-CLL (P ϭ .013). This prolonged activation of the signaling cascade in UM-CLL confirms reports by others, 10 and can explain the stronger expression of BCR target genes in UM-CLL patients. Thus, PB-derived CLL cells of both subtypes are responsive to BCR engagement, activate SYK, and up-regulate BCR target genes.
We used this functionally defined CLL-BCR signature to interrogate the gene expression of CLL cells in the microenvironment. Using GSEA, we found the CLL-BCR signature to be highly overrepresented among genes up-regulated in CLL cells in the LN ( Table 2 ). The expression of BCR signature genes was high in the LN, low in the PB, and except for 1 patient, low in the BM ( Figure  4A ). To quantify the strength of BCR induction in the different anatomic sites, we computed a "BCR score" by averaging the expression level of the most highly enriched CLL-BCR signature genes. For each patient in the study, the score of tissue-derived samples was normalized to the respective PB sample ( Figure 4B ). All LN-derived cells showed an increase in the BCR score compared with those from the PB (n ϭ 17, median 2.01-fold). In addition, 16 of 19 BM-derived samples had higher BCR scores than PB cells, but the increase was modest (median 1.17-fold). Thus, BCR target genes are up-regulated in CLL cells in vivo. In the vast majority of cases, this induction is stronger in the LN than in the BM.
After in vitro BCR activation, most BCR signature genes were more strongly up-regulated in UM-CLL than M-CLL patients, most prominently OAS3, LPL, and GFI1. However, a few genes were equally or even more strongly induced in M-CLL patients, including CCL4 and EGR3 ( Figure 4C ). While the basis for such a differential regulation of BCR target genes is unknown, we were intrigued to find the same relative pattern of gene expression in vivo. In LN-derived cells, OAS3, LPL, and GFI1 were also more highly induced in UM-CLL patients than in M-CLL patients, and EGR3 was one of the few genes more strongly induced in M-CLL cells ( Figure 4D ). In summary, the gene expression response to BCR engagement was consistently stronger in UM-CLL than in M-CLL patients both in vivo and in vitro.
Expression of the CLL-BCR signature by LN-derived cells could indicate direct BCR activation in the LN, or it could be due to homing of activated cells to the LN. To analyze a more proximal event in BCR activation, we used flow cytometry to detect phosphorylation of SYK, which becomes detectable within minutes after BCR activation. In LN-but not in BM-derived cells, we detected increased phosphorylation of Enriched gene sets were identified using GSEA, selected for FDR Ͻ 0.05 and NES Ն 1.80. Where GSEA identified several gene sets with the same functional annotation, the total number of enriched gene sets is given and the NES and FDR of the most significantly enriched set is shown. Only gene sets in which at least 5 genes accounted for the enrichment score (leading edge genes) are included. Gene sets specific to nonlymphoid cell types are not shown.
NES indicates normalized enrichment score; and TNF, tumor necrosis factor. *Functional gene signatures of coordinately regulated genes derived from experimental validation: downloaded from the Staudt Lab Web site at http:// lymphochip.nih.gov/signaturedb/index.html.
†Functional gene signature of coordinately regulated genes derived from experimental validation: established as shown in Figure 3A . For personal use only. on October 15, 2017. by guest www.bloodjournal.org From SYK compared with PB cells ( Figure 4E ). These data support antigen-dependent BCR activation in CLL cells in vivo, and suggest that in the majority of cases the LN is the site where full BCR activation occurs.
Activation of the canonical NF-B pathway in LN-resident CLL cells
Many genes up-regulated in LN-derived cells indicated activation of the NF-B pathway. Using GSEA, we found that 3 NF-B signatures previously identified in B-cell lymphoma cell lines having constitutive activation of the canonical pathway 23 were highly enriched in LN-compared with PB-derived cells (FDR Ͻ 0.0001; Table 2 ; Figure 5A ). These NF-B target genes are involved in cell-cycle regulation (CCND2), inhibition of apoptosis (BCL2A1), signal transduction (JUNB, DUSP2), and chemotaxis (CCL3, CCL4, and RGS1). We averaged the expression level of the most significantly enriched NF-B genes to yield a "NF-B score" (Figure 5B ). Compared with the matched PB sample, all LN-derived cells showed an increase in the NF-B score (n ϭ 17, median 2.08-fold). In contrast, BM-derived cells in general showed only a slight increase in the NF-B score compared with PB-derived cells (n ϭ 19, median 1.25-fold). Confirming the gene expression changes, we found increased protein expression of JUNB in LN-resident cells ( Figure 5C ).
The NF-B transcription factor family consists of several subunits that are regulated through 2 general pathways. 24 In the canonical pathway, the inhibitor IB␣ binds cytosolic p50 and p65. Upon activation, the kinase IKK␤ phosphorylates IB␣, prompting its degradation and the release of p50 and p65, which then translocate to the nucleus and activate transcription. Consistent with activation of the canonical NF-B pathway, we detected increased phosphorylation of IB␣ in LN-derived tumor cells compared with the matched PB-derived cells ( Figure 5D) . Consequently, the level of total IB␣ was reduced by Ͼ 50% in LN-derived cells ( Figure 5E ), and total IB␣ levels were inversely correlated with the NF-B gene expression score (r 2 ϭ Ϫ0.76; Figure 5F ). 
Tumor proliferation and c-MYC activation in the tissue microenvironment
Among the genes up-regulated in the LN, GSEA identified several gene sets indicating tumor proliferation. Most significant were gene sets regulated by the E2F family of transcription factors and by c-MYC (Table 2, Figure 6A ). We derived a "proliferation score" by averaging the expression of the most highly enriched E2F target genes. Compared with the matched PB sample, all LN-derived cells showed an increase in proliferation (n ϭ 17, median 1.61fold, Figure 6B ) while BM-derived cells typically showed only a slight increase (n ϭ 19, median 1.16-fold). However, in 3 patients, BM-derived cells also showed clearly increased proliferation compared with PB cells, and in 2 of these, BM-and LN-derived cells had equal proliferation scores. A second group of proliferationrelated gene sets enriched in LN-derived cells are controlled by c-MYC (Table 2, Figure 6A ). c-MYC, a key transcription factor involved in lymphomagenesis and G1/S transition, cooperates with E2F1 to promote cell proliferation. 25 Similar to our findings for E2F-regulated genes, c-MYC target genes were clearly up-regulated in all LN-derived cells (n ϭ 17, median 1.53-fold, Figure 6B ), but less so in BM-derived cells (n ϭ 19, median 1.13-fold, Figure 6B ). Thus, in the majority of samples, the LN microenvironment harbors the proliferative fraction of the clone. Furthermore, c-MYC and its target genes are up-regulated in LN-resident CLL cells.
To confirm the gene expression data at the protein level, we analyzed expression of E2F1, a transcription factor that drives the expression of genes essential for G1/S phase transition, in LN-and matched PB-derived CLL cells. In 6 of 8 sample pairs analyzed, we found increased E2F1 expression in the LN sample. Notably, E2F1 up-regulation in the LN was present in all UM-CLL samples, but in only half of the M-CLL samples analyzed ( Figure 6C ). Western blotting also confirmed increased levels of c-MYC in LN-derived cells, again with preferential up-regulation of c-MYC in UM-CLL cells ( Figure 6C ). Next we assessed staining for Ki67 in LN biopsies and found cases that showed a preferential location of staining in areas identified as proliferation centers, whereas others showed more diffuse staining throughout the node (Figure 7A ). We used flow cytometry to be able to compare Ki67 between LN-and PB-derived CLL cells ( Figure 7B ). As expected, in PB the frequency of Ki67-positive cells was low. In LN, 2%-7% of cells stained for Ki67, a median 4-fold more than in matched PB-derived CLL cells ( Figure 7C ).
Finally, tumor proliferation in the LN was correlated with clinical outcome. The E2F score in LN-derived cells predicted time to treatment measured as the time from diagnosis of CLL to the development of active disease and the initiation of treatment ( Figure 7D ). Patients with an E2F score above the median had a median time to treatment of 16.7 months, compared with 113 months for patients with a low score (P ϭ .015). The proliferation score in LN tended to be higher in patients with UM-CLL than in those with M-CLL (supplemental Figure 4) , and all patients with an E2F score above the median were of the UM-CLL subtype.
Discussion
We discovered a pronounced effect of the tissue microenvironment on the tumor biology of CLL cells in vivo. In prior studies, gene expression profiling of peripheral blood cells characterized CLL as a malignancy of quiescent cells related to memory B cells. 2, 3 By comparing the gene expression of CLL cells located to different anatomic compartments, we identified the LN as a site of CLL cell activation and tumor proliferation. We found similar but less pronounced changes in CLL cells in the BM, suggesting distinct effects of the LN and BM microenvironment on the activation of signaling pathways and CLL tumor biology. One caveat, however, is that we cannot ensure equal representation of all BM-resident CLL cells in the aspirate. It is conceivable that tumor cells in close contact with the stroma or the endosteal surface may be underrepresented in the analysis, and we may therefore have underestimated the contribution of the BM microenvironment.
A key objective of this study was to identify which signaling pathways are engaged in CLL cells in vivo. Given the many factors reported to enhance CLL cell survival in vitro, 13, 14 we found a surprisingly short list of factors that were dominated by BCR signaling. The BCR is an essential signal transduction pathway for the survival and proliferation of mature B lymphocytes. Antigen likely plays a role at one point during the ontogeny of CLL, 26 possibly in the context of positive selection of a precursor cell, as described for B1 cells in the mouse. 27 In the present study, we identified inducible, probably antigen-driven BCR signaling in CLL cells in the LN that resulted in SYK activation and the induction of a characteristic gene expression signature. Remarkably, in vitro studies also identified up-regulation of BCR target genes in CLL cells cocultured on nurselike cells, including CCL3, CCL4, EGR2, EGR3, and MYC, and this effect could be blocked by the small-molecule SYK inhibitor R406. 28 While we have not shown a direct link between BCR activation in the LN and disease progression, this can be reasonably inferred. Antigen-dependent BCR activation has been shown to accelerate disease progression in a mouse lymphoma model, 29 and in some mucosa-associated lymphoid tissue (MALT) lymphomas, there is an antigen-dependent phase of lymphomagenesis during which antigen removal leads to regression of disease. 30, 31 Furthermore, EGR-1, one of the BCR target genes most highly induced in the LN, is required for proliferation in response to BCR activation and is essential for marginal zone B-cell development. 32 Ongoing BCR activation in secondary lymphoid tissues thus emerges as a key pathway propagating clonal expansion in CLL.
BCR activation in the LN was more prominent in patients with UM-CLL than in those with M-CLL. This conclusion is based on the quantitative measurement of 60 validated BCR target genes. Most of these genes were also more strongly induced in UM-CLL patients after IgM cross-linking in vitro. These findings may explain the observation of a preferential expression of BCRregulated genes in PB-derived tumor cells of the UM-CLL subtype compared with M-CLL, 3 which, in light of our findings, appear as an "echo" of BCR activation in the LN. Similarly, expression of LPL, the most strongly up-regulated BCR target gene in UM-CLL in the LN, has been described as a surrogate marker for UM-CLL. 33, 34 After in vitro IgM ligation, UM-CLL had prolonged SYK activation and stronger induction of BCR target genes, consistent with observations that ZAP-70 expression can enhance and prolong the BCR signal. 8, 10 In addition, different antigen specificities of UM-CLL and M-CLL cells may affect the frequency and strength of BCR activation. UM-CLL cells that express a more polyreactive BCR 35 may have more frequent antigen contact. A role for 2 factors, 1 intrinsic (ZAP-70) and 1 extrinsic (antigen), in determining BCR signal strength could explain clinical differences in disease progression between different CLL subtypes. ZAP-70positive CLL progresses rapidly irrespective of the IGHV mutation status, whereas among ZAP-70-negative patients, UM-CLL progresses more rapidly than M-CLL. 36 BCR engagement results in the activation of downstream signaling pathways, including NF-B and calcineurin-NFAT, both of which are up-regulated in LN-resident CLL cells ( Table 2 ). Studies on NF-B signaling in CLL cells in vivo have been limited to the analysis of PB cells and reported variable but overall increased NF-B activity in CLL cells compared with circulating naive B cells. 37 Furthermore, expression of p65 by leukemic cells has been suggested as a predictor of clinical outcome. 38 In contrast to those studies viewing NF-B as constitutively active in CLL, our data indicate that tumor cells acquire NF-B activation through specific interactions in the microenvironment. Cells exiting the microenvironment presumably maintain NF-B activation for some time, suggesting that the reported expression of p65 in circulating cells could reflect the strength of NF-B induction in the microenvironment.
In addition to the BCR, GSEA indicated activation of tumor necrosis factor and Toll receptor pathways that could contribute to NF-B activation in the LN. A role for tumor necrosis factor family members, especially BAFF (B-cell activating factor), 39 in CLL cell survival has been suggested by in vitro studies, and there are early indications that TLR signaling could be a survival pathway in CLL as well. 40 TLR ligands such as bacterial cell membrane components or unmethylated DNA are potent stimulators of immune cells, activate the NF-B pathway, and may cooperate with BCR signals to overcome the anergy of autoreactive B cells. 41 The relative contribution of these pathways to NF-B activation in CLL cells in vivo remains to be defined. CLL has been regarded as an accumulative disorder of lymphocytes with a defect in apoptosis. This view was largely based on the analysis of PB cells, which are arrested in the G0/G1 phase of the cell cycle. In contrast, using deuterated water to label proliferating cells in vivo, Messmer et al identified a fraction of the CLL clone, ranging from 0.1%-1.76%, that is generated each day. 12 In the present study, we identify the LN as an important site of tumor proliferation, while cells in the BM generally had lower proliferation scores. Consistent with the more rapid clinical progression of the UM subtype, we also found that UM-CLL cells had higher proliferation rates than M-CLL cells. Our observations support the emerging notion that proliferation above apoptosis resistance determines clinical outcome in CLL.
The acquisition of additional genetic lesions in the leukemic clone greatly influences clinical outcome. 42 For unclear reasons, UM-CLL patients acquire cytogenetic abnormalities that are associated with adverse outcomes more frequently and/or more rapidly than M-CLL patients. 43 We identified possible factors that could contribute to the genomic instability in UM-CLL: increased proliferation and higher c-MYC expression. 44 An important factor in genomic instability is telomere shortening, which has been reported to be more significant in UM-CLL than in M-CLL. 45 Increased proliferation in UM-CLL leading to telomere shortening could contribute to clonal evolution by selecting for cells with a defective DNA damage response. 46 In keeping with accentuated genotoxic stress in proliferating cells, p53 gene expression signatures were significantly enriched in LN-derived cells ( Table 2) .
How can these data inform the treatment of CLL patients? Current chemotherapy options induce extended remissions but presumably no cure. Relapsed disease is characterized by the presence of additional cytogenetic abnormalities and relatively inferior response to subsequent treatment. 47 Our findings that tumor proliferation is a result of tumor-host interactions in vivo and is a key determinant of clinical outcome can redirect therapeutic efforts. First, inhibiting the trafficking of CLL cells to protective microenvironment niches may deprive the tumor cells of essential signals and induce apoptosis or sensitize the tumor to the effect of cytotoxic therapy. 48 Furthermore, targeting essential signaling pathways in the microenvironment with small molecules could inhibit proliferation of CLL cells, and thereby not only shrink tumor burden but also reduce clonal evolution. We identify the BCR as a valid therapeutic target in vivo, and small molecules inhibiting BCR signaling indeed show promise in early clinical trials. 49 In addition, if distinct antigens drive CLL progression, then strategies to inhibit antigen binding to the BCR could be developed. 35 Such strategies, which are devoid of the side effects of conventional chemotherapy, could be applied early in the clinical course to prevent disease progression. Another implication of our study is that tumor biology differs between anatomic locations, possibly affecting drug sensitivity. For example, we found increased expression of BCL2A1, an NF-B regulated gene in LN-resident cells. BCL2A1 is an antiapoptotic member of the BCL-2 family of proteins that can confer resistance to BCL-2 inhibitors. 50 Thus, the variable biology of CLL cells in the microenvironment presents therapeutic opportunities and challenges that will have to be addressed in carefully designed clinical trials.
